Abstract Aims/hypothesis: The prevalence and mechanisms of diabetes in hereditary haemochromatosis are not known. We therefore measured glucose tolerance, insulin secretory capacity and insulin sensitivity in adults with haemochromatosis.
Introduction
Hereditary haemochromatosis is transmitted as an autosomal recessive trait and occurs in approximately five per 1,000 white people of northern European descent [1, 2] . Most patients with haemochromatosis are homozygous for a single nucleotide substitution (C282Y) in the haemochromatosis gene (HFE) [3] . The wild-type HFE protein forms a heterodimer with β 2 -microglobulin. The C282Y mutation of HFE prevents binding of β 2 -microglobulin, resulting in unstable production of HFE protein on the cell surface [4] . It has not been established how this interaction is related to the observed changes in iron balance. Normal HFE expression is required for regulation of hepcidin, a small hepatic peptide whose production is induced by increased hepatic iron and inflammation [5] . Failure to induce hepcidin in haemochromatosis results in unregulated iron entry into the circulation from the gastrointestinal tract and macrophages [6] .
Hereditary haemochromatosis was originally described as 'bronze diabetes' and defined by the triad of cirrhosis, skin pigmentation and diabetes. Since identification of the HFE gene, however, it has become clear that phenotypic expression of the homozygous genotype may vary from a fully penetrant clinical syndrome to a simple laboratory abnormality, an elevated transferrin saturation without iron overload or organ injury [1, 7] . There is controversy about the frequency of morbidity that accompanies haemochromatosis. In relatively small clinical studies, the prevalence of diabetes in haemochromatosis has been found to be in the range 7-40% [8, 9] . Many of these studies are affected by selection bias, with diabetes being assessed in subjects who have sought medical help because of associated morbidity. The pathophysiology of the diabetes associated with haemochromatosis and iron overload is poorly understood, with evidence suggesting that both insulin deficiency and insulin resistance are contributing factors [10] [11] [12] . Some of these studies are difficult to interpret, because subjects with established diabetes were studied, in which case the attendant hyperglycaemia may itself have resulted in insulin resistance and insulin secretory abnormalities [13] . Furthermore, the studies most clearly demonstrating iron effects on insulin sensitivity (Si) in patients without diabetes are those of subjects with transfusional or idiopathic iron overload, and not of subjects with haemochromatosis [11, 14] .
We have recently described mouse models of haemochromatosis, namely mice with targeted deletion of Hfe or replacement of deleted wild-type Hfe with the cognate human mutation C282Y [15] . These mice exhibited decreased insulin secretory capacity secondary to oxidative stress, decreased glucose-stimulated insulin secretion, and beta cell apoptosis. The mice had increased Si and did not develop diabetes. We therefore sought to determine the prevalence of diabetes in humans with haemochromatosis and whether the mechanism of diabetes primarily involved insulin secretory defects. We also performed a chart review of subjects with haemochromatosis who were referred before our diabetes-screening programme was initiated. We report a significant prevalence of diabetes and IGT in individuals with haemochromatosis related to decreased insulin secretory capacity.
Subjects and methods

Subjects
The study participants were recruited from all consecutive referrals to the Haemochromatosis Research Clinic at the University of Utah School of Medicine from 2000 to the present. All of these referred patients agreed to serve in the study and informed consent was obtained from those who agreed, although one was excluded because of serious associated illness (heart failure, cirrhosis, diabetes and panhypopituitarism). Siblings and other relatives of the referred subjects were screened for haemochromatosis mutations and those relatives who were found to be homozygous wild-type or heterozygous wild-type/mutant at the HFE locus served as controls. (heterozygotes for HFE mutations are not iron-overloaded and do not suffer associated morbidities [16] ). The characteristics of the study population are shown in Table 1 . Heterozygote controls did not differ from wild-types in serum ferritin, BMI, age or sex. The subjects were all white, one being of white Hispanic descent. The study was approved by the University of Utah Institutional Review Board and the Advisory Committee to the General Clinical Research Center (GCRC).
Genotyping
HFE genotyping was performed using allele-specific PCR primers [17] . The amplification protocol was modified for use with an air thermalcycler (Idaho Technologies, Salt Lake City, UT, USA). The C282Y-specific reaction was carried out in a 2 mmol/l Mg solution and all other reactions were carried out in 3 mmol/l Mg. Temperatures for the reactions were: denaturation 94°C; annealing 56°C; and elongation 72°C. Denaturation and annealing times were 0 s and elongation time was 15 s. A pre-denaturation step of 94°C for 15 s was used for each reaction.
Clinical studies
After a 12 h overnight fast, an i.v. catheter was sited and subjects underwent an OGTT using a 75 g oral glucose load. Glucose and insulin values were determined at 0, 30, 60, 90 and 120 min. Glucose tolerance status was defined according to World Health Organization criteria [18] : IFG represents fasting glucose values of 110-125 mg/dl (6.06-6.99 mmol/l); and IGT by 2 h post-challenge levels of 140-199 mg/dl (7.72-11.02 mmol/l). Insulin was assayed by RIA using a kit that has 20% cross-reactivity with proinsulin (Diagnostic Products, Los Angeles, CA, USA). The next morning, also after a 12 h fast, the subjects underwent an IVGTT [19] . The subjects were given a 300 mg/kg glucose load over 1 min, with blood samples for insulin and glucose determination collected at 1 min intervals for 6 min, then at 2 min intervals until 18 min. At 20 min, regular insulin (0.03 U/kg) was infused over a 1 min interval. Blood was then drawn at 1 min intervals for 4 min, then every 10 min until a total of 180 min had elapsed. Results were analysed by MINMOD software [20] to determine the acute insulin response to glucose (AIRg; a measure of insulin secretory capacity) and Si. Most of the study subjects also underwent percutaneous liver biopsy for iron and histological analysis. Chart reviews were performed on all existing charts from the 505 haemochromatosis homozygotes as ascertained in the Hematology Research Clinic of the Huntsman GCRC at the University of Utah from 1975 to the initiation of this study in 2000. Eighty-three subjects were <40 years old at the time of study and were not considered because of the known age-dependence of diabetes. Of the remaining 422 subjects, fasting glucose values were available on 137 (32%) subjects; fasting was assured because the blood samples had been drawn while the subjects were inpatients in the GCRC. Of the remaining 285 potential subjects, 135 (47%) had definite statements by self-report of either diabetes or lack of diabetes in their charts. The remaining 150 charts (36%) contained inadequate information (e.g. glucose levels that could not be verified as fasting). Overall, 64% of the charts of potential subjects >40 years of age were used in the review.
Statistics
Statistical analyses were performed using SPSS software (SPSS, Chicago, IL, USA). Comparisons of the prevalence of diabetes and IGT in haemochromatosis and control subjects were by χ 2 analysis. AIRg and Si were compared using non-parametric methods (Mann-Whitney).
Results
Prevalence of diabetes, IGT and IFG
The results of OGTTs are shown in Fig. 1 . Of the 14 control subjects, two (14%, 95% CI 3-41) had abnormal glucose homeostasis. Of the 30 subjects with haemochromatosis, 16 (53%, 95% CI 36-70) had abnormal glucose homeostasis (p<0.02 compared with controls by χ 2 test). In control subjects, the cases of abnormal glucose homeostasis included none (0%) with diabetes, one (7%) with IGT only and one (7%) with both IFG and IGT. Of the patients with haemochromatosis, seven (23%, 95% CI 12-41) had diabetes (p<0.05 compared with controls). One (3%) had IFG only, four (13%) had IGT only, and four (13%) had both IFG and IGT. There were no significant differences between the subgroups of differing glucose tolerance status in age, ferritin or genotype, although there was a non-significant trend toward higher serum ferritin in the groups with IGT compared with those with NGT ( Table 2 ). The diabetic group had a significantly higher average BMI than the other groups (Table 2, p<0.01 compared with both other groups). All cases of diabetes occurred in overweight subjects whose BMI values were >25 kg/m 2 , and six of those seven had BMI values >30 kg/m 2 . All cases of diabetes occurred in men (p=0.13).
Historical review of diabetes prevalence data in haemochromatosis referrals to the Haemochromatosis Research Clinic at the University of Utah
The prevalence of diabetes in haemochromatosis can only be estimated from the small sample of recent clinic referrals reported here. To assess the prevalence of diabetes in a larger cohort, we reviewed clinical information available on homozygotes >40 years old, ascertained between 1975 and 1999. We determined the prevalence of diabetes as defined by fasting glucose criteria (Table 3) or, in charts where fasting glucose values were unavailable, by selfreport (see below).
Fasting blood glucose values were available in 104 male and 33 female probands seen between 1975 and 1998 ( Table 3 ). The overall prevalence of abnormal fasting glucose values in this group were: IFG 13% (95% CI [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; diabetes 26% (95% CI 20-34). Thirty-two of the males (31%) and four of the females (12%) had diabetes. The difference in the frequency of diabetes between the sexes is significant (p<0.05 by χ 2 test). All individuals with diabetes were heavily iron-loaded (median serum ferritin 2,000 ng/ml). Of the male subjects with fasting glucose who also underwent liver biopsy, 23 of the diabetics (72%) had biopsy-proven cirrhosis and five (16%) had moderate and subjects with haemochromatosis (black bars). The subjects described in Table 1 underwent OGTTs using a 75 g glucose load. Diabetes and IGT were defined according to World Health Organization criteria [18] fibrosis. Only four (13%) had normal liver architecture. Of the two female diabetic subjects who had liver biopsies, both had coexisting cirrhosis. Thus, 88% of the diabetics had cirrhosis or fibrosis, while only 40% of non-diabetics had cirrhosis or fibrosis (p<0.0001). Of all subjects with cirrhosis or fibrosis, 39% had diabetes, whereas of all subjects without liver disease, only 10% had diabetes. It should be pointed out that these liver biopsies were not sought only in individuals with abnormal liver function tests or other clinical indications. Rather, they were performed for research and diagnostic purposes and were sought from the entire cohort of subjects. Thus, there should be little bias in terms of the prevalence of liver disease in the subgroups. A chart review was also performed for clinic patients for whom there were no fasting glucose data, but in whom a history of diabetes or not was obtained by selfreport. The overall prevalence of diabetes in this group aged 50-79 years was 22% in men and 17% in women, or 20% (95% CI 14-28%) in men plus women. This represents a significant increase in frequency (p<0.0001) compared with normal controls, as reported in three studies of communities in Minnesota and Wisconsin with demographics similar to our largely northern European population [21] .
A subgroup of the above were individuals who were not themselves referred because of haemochromatosis but who were found to have haemochromatosis in the course of family screening or screening at blood donation [22] . This clinically unselected group included 46 in the age range 50-79 years, and six (13%, 95% CI 6-26) had diabetes by self-report.
Mechanism of glucose intolerance
The data presented above reveal a significantly increased prevalence of abnormal glucose tolerance and diabetes in subjects with haemochromatosis. We next performed frequently sampled IVGTT (FSIVGTT) in order to determine whether the IGT was related to decreased insulin secretion or decreased insulin sensitivity. The total population of subjects with haemochromatosis had comparable insulin secretory capacity (AIRg, Fig. 2a) and Si (Fig. 2a) compared with controls. When haemochromatosis subjects were subdivided into those with NGT or abnormal glucose tolerance, those with NGT did not differ significantly from controls in either AIRg or Si. The haemochromatosis subjects with IGT, however, had a 68% decrease in AIRg (Fig. 2a, p<0 .02 by t test) and a trend toward increased Si Haemochromatosis subjects were further subdivided into those with NGT (dark stippling), IGT (medium stippling) and diabetes (light stippling) according to World Health Organization criteria [18] . The subjects described in Table 1 underwent FSIVGTT. Data were analysed by the Bergman minimal model using MINMOD software [20] . Subgroup sizes are given in Table 2 (62% increase, Fig. 2b , p=0.26) compared with controls.
The subjects with haemochromatosis and abnormal glucose homeostasis had a 61% decrease in the product of the AIRg and Si (disposition index [DI], Fig. 2c , p=0.02 compared with those who had NGT), indicating that the changes in Si and AIRg did not follow the expected hyperbolic relationship [23] and were consistent with their decline in glucose tolerance. Haemochromatosis subjects with diabetes had lower AIRg and DI compared with those with NGT, but average Si was unchanged (Fig. 2a-c) . There was no relationship between Si or AIRg and the presence or absence of cirrhosis (results not shown).
The above values of the AIRg were plotted as a function of Si (Fig. 3) . Kahn has previously reported that these two variables follow a hyperbolic relationship in normal individuals; the solid and dashed lines indicate the mean, and 5th and 95th percentiles, for AIRg and Si in the healthy, non-diabetic population studied by Kahn [23] . Thus, for example, if insulin secretory capacity decreases but Si also increases within this normal relationship, NGT should be maintained; glucose intolerance develops when one variable or the other does not compensate and the individual departs from the normal hyperbolic relationship [23] . Control and haemochromatosis subjects with NGT have similar values for AIRg and Si (see Fig. 2 ). The haemochromatosis subjects with IGT have decreased AIRg and a trend toward increased Si. On average, however, these did not follow the expected hyperbolic relationship, as revealed by the downward shift in the group on this curve and the lowering of the DI (Fig. 2) ), and two others showed mixed defects.
The lack of insulin resistance in patients with haemochromatosis and IGT/IFG was further confirmed by analysis of Si by an independent test relying only on fasting data, the Quantitative Insulin-sensitivity Check Fig. 3 Relationship between AIRg and Si in haemochromatosis subjects and controls. For reference, previously reported population means for normal adult males and females (solid line) and the 5th and 95th percentile ranges (dashed lines) from studies by Kahn et Index (QUICKI). The QUICKI index has been validated against the euglycaemic clamp, FSIVGTT and homeostasis model indices [24] . The control subjects with NGT did not differ from the haemochromatosis subjects with NGT in terms of fasting glucose, insulin or QUICKI (Fig. 4a-c) . The haemochromatosis group with IGT/IFG, however, had a significantly higher fasting glucose despite a trend toward lower insulin values, and the QUICKI index was 14% higher (p=0.11, NS). The haemochromatosis group with diabetes, on the other hand, had both significantly higher glucose and insulin levels, and a significant decrease in QUICKI. We also performed hyperinsulinaemic-euglycaemic glucose clamp studies (results not shown) that were consistent with the above data in showing no difference between controls (9.2±1.4 mg·kg 
Discussion
Diabetes is part of the classic triad used to define fully penetrant haemochromatosis. Prior to the discovery of the gene most commonly mutated in haemochromatosis, the clinical definition was affected by ascertainment bias. Even after the identification of the HFE gene, estimates of the frequency with which diabetes and other morbidities accompany haemochromatosis vary widely [25] . In the current study, the prevalence of abnormal glucose homeostasis in adult subjects with haemochromatosis referred to our research clinic was 53%. This was significantly higher than in the control group of siblings who were wild-types or heterozygotes for the common haemochromatosis mutations C282Y or H63D in the HFE gene. These data suggest that screening for diabetes and abnormal glucose tolerance in individuals with haemochromatosis is warranted and may be more sensitive if performed using glucose tolerance testing rather than fasting glucose analysis alone. The prevalence of diabetes in the individuals with haemochromatosis was 23% (7/30). Because this number was unexpectedly high, we determined the prevalence of diabetes from medical records of 272 subjects previously referred to the Haemochromatosis Research Clinic, and the frequency of diabetes was similar: 26% of 137 subjects had fasting glucose values >7 mmol/l, and the self-reported prevalence of diabetes in 135 subjects for whom no fasting glucose values were available was 20%. These studies were limited to subjects in the age range 40-79 years. The estimates of diabetes prevalence are probably underestimated in the self-reporting study, both because of the well-known underdiagnosis of the disease and because most of the patients were seen at a time when the fasting glucose threshold for the definition of diabetes was 7.8 mmol/l (140 mg/dl). The population with haemochromatosis is overwhelmingly white, and the frequency of diabetes expected in a population of this age and ethnicity is 2-9% [21] . Thus, there are strong indications that the prevalence of diabetes in haemochromatosis is significantly increased compared with control populations. Most of these data are still subject to some degree of ascertainment bias, and we are continuing to assess siblings of probands who have not themselves sought medical care in order to get better estimates of true diabetes prevalence.
The current data are relevant to a controversial issue in the literature, namely the frequency of haemochromatosis subjects in populations with type 2 diabetes. There have been reports of significant increases in the frequency of HFE mutations in diabetes clinic populations [26, 27] , although other studies have failed to see such increases [28] [29] [30] [31] [32] . If the frequency of haemochromatosis subjects in white populations is 0.5% [1, 2] and 20% of those adults have diabetes, then the frequency of adult diabetic individuals with haemochromatosis in the population will be approximately 0.1%. If the frequency of diabetes in white populations of similar age were 5-10%, then we might expect 0.1/5 to 0.1/10, or 1 to 2% of white individuals in adult diabetes clinics to have haemochromatosis. This would represent an approximately four-fold enrichment of haemochromatosis homozygotes in typical diabetes clinics, and the previous studies in the literature may not have had sufficient power to detect such small increases. This conclusion should also be tempered with the fact that the current study of referrals to an haemochromatosis clinic may not be without selection bias, so the true prevalence of disease in the total population may differ from that ascertained in this study. Most such biases would probably be in the direction of over-representation of individuals with complications, so even the relatively small increase predicted above might be overestimated, suggesting that general screening of typical diabetes clinic populations for HFE mutations might not be warranted. In subgroups of diabetics, namely white males, those with late-onset insulin-deficient diabetes, or individuals with abnormal liver function, arthropathy or hypogonadism, HFE screening may be effective. Consistent with this, one Italian study reported that haemochromatosis was 43 times more likely in subjects who had a combination of liver disease and diabetes [33] , and a Danish study found a significant increase in C282Y homozygosity in individuals with late-onset type 1 diabetes [34] .
In the current study cohort, all individuals with diabetes were male (NS), and in the retrospective review men were found to be more prone to haemochromatosis-associated diabetes than women. This is probably due to shorter and/ or less severe exposures to iron overload in women, perhaps as a consequence of menstrual blood loss or other protective effects of oestrogen on diabetes risk.
A substantial proportion of the subjects with significant iron overload had no detectable abnormality of glucose homeostasis. This is consistent with the large degree of phenotypic variation in terms of other morbidities in subjects with haemochromatosis that has been attributed at least in part to other genetic modifiers [22, 35] . Our studies of mouse models of the disease demonstrate that iron overload may actually be protective of diet-induced obesity (unpublished results), and the same mechanisms may be operative in humans.
In our control group we included heterozygote siblings of individuals with haemochromatosis because earlier studies have shown that heterozygotes for HFE mutations have only slightly higher iron indices than wild-types and are not affected by the morbidities attendant with homozygosity [16, 36] , and do not exhibit abnormalities in insulin resistance or secretion [37] . The study of mouse models of haemochromatosis also suggests that iron overload and not the HFE mutations per se are responsible for the glucose homeostasis phenotype [15] , and the heterozygous controls in this study did not have elevated serum ferritin concentrations. Further support for the primary role of iron in the pathogenesis of haemochromatosis-associated diabetes is found in reports that even in the absence of HFE mutations individuals with diabetes have higher than average iron indices [38] [39] [40] .
Our studies of mouse models of haemochromatosis revealed that beta cell mass is decreased secondary to apoptosis [15] . This is likely to be the case in humans as well, since at the stage of IGT the AIRg was significantly decreased. In the mouse models, the decreased insulin secretory capacity is compensated for by increased Si, such that NGT or supranormal glucose tolerance is maintained [15] . Similarly in the humans with haemochromatosis, there was no evidence for insulin resistance in these individuals, and conversely, there was a trend toward an increase in Si in all of the data (FSIVGTT, QUICKI and clamp), although the Si did not increase significantly. The current evidence for a beta cell defect in haemochromatosis and for a pathogenic role of iron in the beta cell is supported by some prior studies. A relatively small study of subjects with haemochromatosis found that regardless of whether the subjects did (n=6) or did not (n=7) have diabetes, there was a significant decrease in the acute insulin response to glucose (AIRg) during an IVGTT [10] . Phlebotomy increased the AIRg by 35% [10] . Further support for a toxic effect of iron on the beta cell comes from studies of patients with thalassaemia major [41] and rats subjected to experimental iron overload [42] . Why iron overload might lead to impaired beta cell function is not clear. High levels of the divalent metal transporter are seen in beta cells, presumably because of the need for zinc in packaging insulin in secretory granules [43] . Non-proteinbound iron can also enter the cell via this transporter, and in haemochromatosis free-iron levels will rise with saturation of transferrin. Iron flux through this pathway and/or particular susceptibility of beta cells to oxidative damage might explain the unusually high levels of ferritin in normal beta cells [44] .
The different tests of Si used in this study reflect glucose homeostasis under very different degrees of insulinaemia and carbohydrate loading, and none suggest insulin resistance in the pre-diabetic population. The association of insulin resistance with iron overload is largely based on studies of subjects with beta thalassaemia, transfusion iron overload, coexistent liver disease or idiopathic hyperferritinaemia [11, 12, 40, 45, 46] . The different distributions of iron in these conditions compared with haemochromatosis (reticuloendothelial vs hepatocellular) [1, 47] may explain the differing phenotypes. The studies that have implicated insulin resistance specifically in hereditary haemochromatosis have studied subjects with established diabetes [10, 48] and hyperglycaemia is by itself a major determinant of Si [13] . Although not supporting a primary phenotype of insulin resistance in haemochromatosis, the current results do suggest that the transition from IGT to diabetes may involve insulin resistance in some cases. All the current subjects who became diabetic were overweight, and it is possible that the failing beta cells are unable to counteract the obesity-associated insulin resistance with increased insulin secretion. Another subject, however, had very high Si accompanied by extremely low insulin secretion, suggesting the possibility that a primary defect of insulin secretion may progress to diabetes even in the absence of insulin resistance. A final relevant observation is that most of the subjects who developed diabetes in the chart review study also had significant liver damage (Table 3 ). This may be a simple association based on the fact that exposure to high levels of iron for long periods may damage the liver and beta cell in parallel. Cirrhosis, hepatitis and hepatic iron overload are themselves, however, associated with insulin resistance [12, 49] . Hramiak et al. reported that in the absence of cirrhosis and diabetes, Si was normal in subjects with haemochromatosis [10] . Finally, because 'garden variety' type 2 diabetes has an expected prevalence of 5-10% in this population, a significant proportion of the subjects with diabetes and haemochromatosis may have type 2 diabetes independent of their iron status.
In summary, we have demonstrated that abnormal glucose tolerance and diabetes are seen at significant frequencies in individuals with haemochromatosis. This justifies glucose tolerance testing of individuals with haemochromatosis as well as prophylactic phlebotomy in unaffected individuals with haemochromatosis. This may be especially important for the prevention of diabetesrelated morbidities that can occur very early or even at prediabetic stages of the disease. The loss of insulin secretory capacity is the primary event leading to haemochromatosisrelated diabetes, although secondary insulin resistance related to obesity or hepatic damage may contribute to the ultimate expression of diabetes. The reversibility of the insulin secretion abnormalities is under study, as are further details of the effects of iron on glucose homeostasis and of the possible modifiers that affect disease expression.
